Introduction
Recent advances in the study of lipid metabolism have revealed an intimate interrelationship with the metabolic pathways of carbohydrate utilisation. The hyperlipidaemia associated with some eases of uncontrolled diabetes is well known, as is the pathological state of carbohydrate induced lipaemia in man [1, 2] . In normal volunteers the administration of an isocalorie diet containing > 7 g/kg carbohydrate results in initial elevation of circulating triglyeerides, and reduced clearance of an exogenous triglyeeride load [3] . Some experiments suggest that the type of carbohydrate fed may further influence the degree of hyperlipaemia [4] .
The circulating triglyceride at any given time is derived from two sources: the intestine and the liver. In the post-absorptive state the principle source of circulating triglyeeride is the liver, where esterification of both circulating and de nero synthesised fatty acids is succeeded by coupling to a protein and excretion into the plasma, chiefly as very low-density lipoproteins (VLDL).
High circulating free fatty acid levels have been shown to be associated with increasing hepatic output of triglyceride [5] , and this mechanism may contribute to the hypertriglyceridaemia associated with Cushing's disease [6] . The administration of a high carbohydrate diet would, however, be expected to reduce circulating free fatty acid levels, implying other mechanisms for the hyperlipaemia observed in this condition. These may include direct stimulation by the absorbed carbohydrate of hepatic lipid output, or its secondary increase by higher circulating insulin levels.
In the choice of an experimental system for the in vitro study of hepatic lipid synthesis, established experimental models have their limitations. Tissue slice experiments of classical design do not allow for the sequential study of the effect of hormone and substrate changes, while perfused whole liver experiments are by definition unsuitable for use with biopsy specimens.
We have investigated further [6 a ] the applicability of a continuously superfused rat liver slice system as an experimental model for the study of some factors relevant to diabetic and carbohydrate induced hyperlipaemia.
Materials and Methods
Krebs ringer bicarbonate was prepared according to the standard technique [7] but with K+ and Na+ concentrations set at 70 and 53 mEq/litre respectively [8] . Two percent w/v recrystallised bovine serum albumin (Armour) was added and the pH checked to Diabetotogia 7.4. Uniformly labelled leO-glucose or att-alanine (RadiochemicM Centre, Amersham, Buckinghamshire) was added with unlabelled substrate to final concentrations of 1.25 to 80 mM (1 ~Ci ~4C/ml) glucose and Manine 0.80 mM (1.33 ~Ci/ml). Blood bank human plasma was separated from erythroeytes by gentle centrifugation at 4 ~ and diluted 1 : 1 with buffer to which glucose was added to a final concentration of 10 mM.
Male wistar rats of 150--200 g wt. fed ad lib on a standard laboratory diet, were stunned by a blow on the head, decapitated, and the livers immediately placed in ice cold 0.9% saline solution. Liver slices were prepared (0.4 mm thickness, approx. 200 rag) with a Stadie-Riggs mierotome and washed in saline solution at 4 ~ before addition to the superfusion chamber [9] . The slow perfusion peristaltic pump delivered approximately 3 ml/15 rain through the incubation chamber, from a 80 ml reservoir maintained at 37~ and the superfusate was fractioncollected in graduated centrifuge tubes without recycling after an initial 20 min equilibration. Where relevant perfusate reservoirs were interchanged at mid-point in the experiment, and insulin addition made either by addition to the reservoir or by injection into a sidearm on the afferent circuit.
After collection the superfusate was extracted into five volumes Dole medium [10] . The heptane phase ~ 3000 ! zooo 1 i ~-.
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: At the end of superfusion the liver slices were blotted, weighed and extracted in chloroform-methanol (2 : l) [11] . After addition of 0.4 volumes of 0.05 M NaC1 and separation of the phases, the lower chloroform phase was washed three times and a liquors dried down for chromatographic fraetionation as for the superfusate.
In the elassicM liver slice experiments, slices of liver (500 rag) were incubated in identical experimental buffer (3 ml) for 2 h in a shaker (30 cycles/rain) at 37 ~ in an atmosphere of 95% 03, 5% CO~. The slices were blotted, weighed and the medium and slices processed respectively as described above. Boiled liver slices did not show significant activity, and re-extraction of Folch-extracted liver slices :yielded insignificant radioactivity.
Results
Superfused liver slices incorporate a4C-labelled glucose into lipid at a relatively constant rate after the first 30 rain (Fig. 1 ), and this is maintained for up to 6 h in the absence of stimulating factors. I~cplaeement of 14C-labelled substrate with equi-molar unlabelled glucose is followed by a rapid fall in lipid labelling ( Fig. 2) . Superfnsion of the two adjacent incubation chambers containing liver slices from the same rat with buffers of differing glucose levels result in incorporation of 14C-labelled glucose into lipids in approximate proportion to the differences in substrate glucose concentration (Fig. 3) . Exchange of buffer reservoirs between the two chambers after 2 h, allowing 15 min for re-equilibration, resulted in rapid change in output of ~4C-glucose-labelling between the two chambers, and in lipid output to a new steady-state of similar proportion to the differences in substrate concentration. In a later group of experiments, doubling Further modification of the superfusate by the addition of human plasma (1 : 1 as defined in "Methods") produced a 12-fold increase in l~C-glucose incorporation into lipid (Fig. 6 ) and cross-snperfusion after 3 h resulted in stimulation of the slices in the chamber receiving the plasma enriched superfusate, while 3 h superfusion with standard Krebs buffer did not result in return of the plasma-poor slices to the lower level of lipid synthesis.
In contrast to the relatively brisk arrival at new steady-state in lipid synthesis by liver slices superfused with medium of varying carbohydrate or plasma enrichment, the response to the addition of insulin is slower, and progressive over the 4 h following hormone injection (Fig. 7) . Differing levels of glucose in the medium between the chambers containing slices from the same rat were reflected in proportionally differing basal values, but the difference is less apparent in the superfusate fractions following insulin addition. Insulin addition furthermore increased aI-I-alanine incorporation into lipid under similar experimental conditions (Fig. 7b) .
Thin layer fraetionation of lipid extracts of tissue and superfusate reveal, however, a difference between the system under study and the more classical liver slice experiments. Whereas 14C-glucose carbon is incorporated principally into triglyeeride and phospho- 15 (Fig. 4) . Concentrations investigated ranged from 1.25 to 80 mM and over this range the 14C-glucose incorporated by liver slices was increased with the inereasing substrate glucose coneentrations. These changes have been confirmed in the classical liver slice experiments (Fig. 5 ).
MINS Eouilibration
lipid fractions of tissue extracts in both superfusion and classical type experiments, isotopic incorporation of superfusate extracts is principally into the free fatty acid fraction, with differences only resulting between the addition of glucose, insulin or half-strength plasma (Table 1) . In similar designed experiments to those described, (Tnlloch --unpublishecl data) the triglyeeride/free fatty acid ratios were not altered by further (200--600 mg wet weight). Under sterile conditions a stable baseline of 14C-glucose incorporation into lipid persisted up to 6 h, and response has been demonstrated to changes in the superfusion medium by increased de novo synthesis by the liver of free fatty acids. The importance of hepatic de novo synthesis of plasma free fatty acid varies between the species. In man and rabbit, the principle source of plasma triglyceride fatty acid is circulating plasma free fatty acid [2, 5, 12] . In the rat, however, only a minor fraction of the free fatty acid originates from this pool, and quantitatively the most important source is hepatic lipogenesis [22] . In man under specific circumstances such as low fat, high carbohydrate diet, however, the the portal circulation. The role of insulin in increased in vivo triglyeeride synthesis remains contentious and it is of interest that whereas the stimulation of both glucose and alanine into lipid could readily be demonstrated using the liver slice perifnsion system, such stimulation was not demonstrable using the classical liver slice incubation. Liver insulinase would be more effective in the classical liver slice procedure, which may explain both this difference in our findings with the two procedures, and why this insulin effect has been observed only by some other workers using high insulin doses in vivo and in vitro [14] . The lipid synthesis response in rat liver to increased glucose concentration is prompt and similar to that described for increased glycogen synthesis [15] . High carbohydrate feeding of rats has resulted in increased hepatic levels of pyruvate, acetyl CoA and malate [16] while these authors also noted that 14C conversion from fructose to fatty acids further exceeded that from glucose, suggesting that fatty acid synthesiag enzymes are unlikely to be the rate-limiting factor in glucose conversion. In both glucose and fructose-fed groups, hepatic CoA earboxylase levels were elevated, as were gluco-and fruetokinase activity. The brisk response in lipid synthesis in the experiments described here do not suggest de novo enzyme protein synthesis as a mechanism; but rather acceleration of an already active fatty acid synthesis, probably from Slices and perifusate aliquots were extracted and concentrated as described in methods, and separated by thin layer chromatography as detailed using known standards.
importance of hepatic de novo free fatty acid synthesis is probably greater, since the principle increase in lipoproteins is the VLDL fraction and a similar situation may occur in cases of carbohydrate induced hyperlipaemia [13, 23] . Should this be the ease, then the findings reported here may well indicate a mechanism for the high levels of circulating triglyceride secondary to increased glucose concentrations within the increased glucose entering the hepatocyte, for it is permeable to glucose and has an active low-affinity glucokinase. Half-strength plasma addition to the perifusate similarly caused a brisk rise in FFA synthesis from glucose, and this persisted up to 3 h after crosssuperfusion with Krebs buffer.
By contrast, the response obtained following insulin addition without change in glucose concentration,
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Diabeto[ogia was slower but progressive over the duration of the study. The site of insulin action is unknown, but it probably involves facilitating either glucose entry into cells, or its early intermediate metabolism. In the very permeable liver cell insulin effect may fall at one or more early points in glucose utilisation --e.g. phosphofructokinase, reduced levels of which have been reported in human diabetic adipose tissue [17] . However these effects in the hepatocyte must not only provide more substrate but also accelerate fatty acid synthesis in other ways, for we have seen it induces increased incorporation of 3H-Manine from the perifusate, and 14C incorporation from aminoacids into fatty acid carbon is reduced in perfused livers from acute and chronic Mloxan diabetic rats [24] . The significance of the above effects in the clinical situation of diabetic and nutritional hypertriglyceridaemia is difficult to assess. Although insulin in high dose affects in rive lipid synthesis in rats [14] , and some workers have reported elevated glucose and insulin levels in idiopathic hypertriglyceridaemia [18] , some normal levels [19] , and some decreased levels have also been described [13, 20] . In the latter situation, decreased triglyceride clearance by peripheral tissues may be an important factor, since both adipose tissue lipoprotein lipase and intracellular alpha-glycerophosphate levels (for re-estcrification) would provide insulin dependent factors for limiting triglyceride removal from the circulation.
The remaining differences between classicM in vitro liver slice techniques and the superfusion system is the consistent incorporation of labelled precursor mainly into free fatty acid by the superfused slice. Since the major lipid output of the fiver physiologically is triglyccride linked with apoprotein in very low density lipoproteins, component precursors were added both in the form of aminoacid mixtures approximating to rat plasma components, and also half-strength human plasma (Fig. 6 & Table 1 ). Neither, however, was able to alter the free fatty acids to triglyceride ratio of the superfusate radioactivity although insulin and plasma increased the percentage of counts present as phospho-lipid, which could include phosphatidic acid. That an absence of cofactor or apoprotein accepter remains the most likely reason for this deficit is further substantiated by the studies of Kook & Rubenstein [21] on increased rat liver slice output of phospholipid in media of various lipoprotein constituents.
